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This research was carried out at the Jet Propulsion Laboratory,

California Institute of Technology, under a contract with the National

Aeronautics and Space Administration

ÅHybrid rocket motors represent a promising alternative to conventional

propulsion systems

ÅPMMA/GOX were determined to be the best propellant combination for

the interplanetary cubesat application

ÅNumerical simulations of hybrid rocket motor internal fluid dynamics were

carried out on STAR-CCM+ to understand the effect of design variations

on performance

ÅA parallel thermal study has been also performed at Jet Propulsion

Laboratory to evaluate the temperature in the motor, especially in the

post-combustion chamber

Introduction

Goal: Investigate the behavior of the internal fluxes to inform

the final design of an hybrid rocket motor
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Introduction

Hybrid Rocket Motor Design

System Constraints

Åfuel grain outer diameter (0.051 m)

Åmax operating chamber pressure (2.4 MPa)

Åmax oxidizer upstream pressure (6.89 MPa)
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Motor configurations

Introduction

Nominal configuration: Test #50

Polymethyl methacrylate fuel grain

Configuration post-combustion 

chamber: Test #59

Blackened polymethyl methacrylate

fuel grain with Nylatron post-

combustion chamber

5



Agenda

¸Introduction

¸Chemistry 

¸CFD Hybrid Rocket Motor Model

¸Chemical Model Validation

¸Boundary layer: comparison to theory

¸Thermal Analysis Validation

¸Motor Design and CFD Results

¸Conclusion
6



Chemistry

Chemistry

Main products of Decomposition of PMMA

ÅMethane

ÅMethanol

ÅFormaldehyde

ÅAcetylene

PMMA Pyrolysis Process

700 K < Tw < 850 K

Tpyr = 500 K
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CFD Chemical model

Chemistry
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The pyrolisis of the fuel is simplified for the CFD model

ïOnly the chemical process outside the fuel surface, in the gas phase, are

modeled

ïAssumption: the polymeric fuel completely pyrolyzes into methane, methanol,

formaldehyde and acetylene

Selection of Products of PMMA/GOX combustion with a mass fraction grater

than 10-5 from CEA and implementation of a balanced reaction in STAR-CCM+

The Standard Eddy Break-Up Model is used in STAR-CCM+ for predicting the

chemistry
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CFD Hybrid Rocket Motor Model

CFD Hybrid Rocket Motor Model

Boundary conditions

ÅMass Flow Inlet

ÅWall + Species Source

ÅWall

ÅPressure Outlet

Internal working volume (Nominal configuration)

Initial conditions

Å FuelSurfaceTemperature = 800K

Other requirements

ÅField function

ÅDamping factor applied to 

wall in contact with fuel
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CFD Model Set-Up in STAR-CCM+

CFD Hybrid Rocket Motor Model

Models

ÅSpace: Three dimensional study of internal fluxes

ÅTime: Implicit Unsteady

ÅMaterial: Multi-component gas

ÅReaction Regime: Reacting

ÅReacting Species Model: Standard Eddy Break-Up

ÅFlow: Coupled Flow

ÅViscous Regime: Turbulent

ÅReynold-Averaged Turbulence: k-Epsilon Turbulence
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Fuel Surface Regression Model

CFD Hybrid Rocket Motor Model

The consumption of the fuel is simulated through an expansion of the

internal working volume

A mesh morphing redistributes mesh vertices in response to the movement of

control points

Boundary vertices are control points for the selected boundary conditions:

ÅDisplacement (fuel surface)

ÅConstrained (surfaces in contact with the fuel surface)

ÅFixed (all the other surfaces)

The fuel surface regression is simulated through a specified time

dependent function that reproduces experimental results

12



Agenda

¸Introduction

¸Chemistry 

¸CFD Hybrid Rocket Motor Model

¸Chemical Model Validation

¸Boundary layer: comparison to theory

¸Thermal Analysis Validation

¸Motor Design and CFD Results

¸Conclusion
13



Chemical Model Validation

Chemical Model Validation

Mole fractions of O2 and CO2 from STAR CCM+ Standard Eddy Break-

Up Model
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Chemical Model Validation

Comparison of PMMA/O2 combustion results from CEA

and STAR-CCM+
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Attitude Control System

Temperature trends from STAR-CCM+ Standard Eddy

Break-Up Model at the aft end of the fuel grain.
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Time = 1 (s) Time = 20 (s)



Chemical Model Validation

Non dimensionalized temperature, velocity and density

profiles after 20 seconds of combustion

Temperature Velocity Density
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Results Verification CFD Analisys

Boundary layer: comparison to theory

Boundary Layer and Flame Location
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Thermal Analysis Validation

Thermal Analisys Validation
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Heat transfer model



Thermal Analysis Validation

Boundary heat flux from STAR-CCM+ after 1 second of 

combustion
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Heat Flux comparison
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